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ABSTRACT: Incoherent neutron scattering is presented as a powerful tool for interpret-

ing changes in molecular dynamics as a function of film thickness for a range of
polymers. Motions on approximately nanosecond and faster timescales are quantified in
terms of a mean-square atomic displacement ((z2)) from the Debye—Waller factor.
Thin-film confinement generally leads to a reduction of (z?) in comparison with the bulk
material, and this effect becomes especially pronounced when the film thickness ap-
proaches the unperturbed dimensions of the macromolecule. Generally, there is a
suppression (never an enhancement) of (#?) at temperatures T above the bulk calori-
metric glass-transition temperature (T,). Below T, the reduction in the magnitude of
(u?) depends on the polymer and the length scales being probed. Polymers with exten-
sive segmental or local mobility in the glass are particularly susceptible to reductions
of (u?) with confinement, especially at the Q vectors probing these longer length scales,
whereas materials lacking these sub-T, motions are relatively insensitive. Moreover, a
reduced (©2) value correlates with reduced mobility at long time and spatial scales, as
measured by diffusion in these thin polymer films. Finally, this reduced thin-film
mobility is not reliably predicted by thermodynamic assessments of an apparent T, as
measured by discontinuities or kinks in the 7' dependence of the thermal expansion,
specific volume, index of refraction, specific heat, and so forth. These measurements
illustrate that (z2) is a powerful and predictive tool for understanding dynamic changes
in thin polymer films. © 2004 Wiley Periodicals, Inc.* J Polym Sci Part B: Polym Phys 42:
3218-3234, 2004
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INTRODUCTION

Recently, the scientific literature has been flooded
with experimental studies addressing the effects
of film thickness on the glass-transition temper-
ature (T; see two recent reviews'? for a repre-
sentative list of references). This activity is moti-
vated by the widespread use of polymer thin films
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in numerous emerging technologies (coatings and
barriers, adhesives, lithography, sensors, nanode-
vices, etc.) and by the potential insight that these
measurements bring into the mysterious process
of glass formation. Regardless of our poor under-
standing of bulk glass formation, there is an es-
tablished phenomenology linking thermodynamic
measurements, such as thermal expansion and
specific heat, to the dramatic changes in bulk
transport properties [viscosity (1) and diffusion]
that embody the liquid—glass transition. Nor-
mally, T, is operationally defined by a kink in
these thermodynamic properties as a function of



temperature T, with the understanding that the
kink position (7,) is influenced by the rate of
cooling of the fluid into the glassy state.

Extensions of this operational definition to thin
films or confined geometries naturally lead to ba-
sic questions regarding the nature of the glass
transition. Specifically, it is not clear a priori
whether thermodynamic estimates of the glass
transition based on bulk materials are predictive
of mobility changes in thin films, or even if a
unique thermodynamic transition exists. Indeed,
the measurements described herein show that
conventionally defined T, estimates are property
specific and that apparent T\, shifts with the film
thickness can even be anticorrelated with
changes in the molecular mobility under confine-
ment. The whole question of a T, determination
in thin films may then seem somewhat ill posed
with respect to the prediction of mobility changes
upon confinement. Because of this unsatisfactory
situation, it is now critical to develop reliable
metrologies to quantify mobility changes in thin
polymer films.

DYNAMICS FROM NEUTRON SCATTERING

This article builds upon a recent series of incoher-
ent neutron scattering measurements®® that
quantify the amplitude of the local, high-fre-
quency atomic motions in a range of thin polymer
films. We contend that these measurements pro-
vide a more useful assessment of the dynamics in
films than could be inferred from the aforemen-
tioned operational definition of a 7, based on
thermodynamic parameters. The inelastic neu-
tron scattering spectrum contains detailed infor-
mation about the timescale and geometry of all
the atomic motions. These motions are often de-
scribed by the one-phonon approximation:

3N# +1
Sin(Q,w) = WefszZ n(%g(w) (1)

where S;,.(Q,w) is proportional to the number of
neutrons scattered at a wavevector Q with a fre-
quency o, g(w) is the density of states, n(w) + 11is
the Bose population factor, and e 2% is the De-
bye—Waller factor. In this expression, W is equal
to (1/6)Q*u?), where (u?) is the mean-square
atomic displacement. It is S;,.(Q,w) that contains
the detailed information about the timescale (w)
and geometry (Q) of the atomic motions. How-
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ever, S;,.(Q,w) at w # 0 is typically several orders
of magnitude smaller than the elastic scattering
at w = 0, especially in the glassy state. In thin
polymer films, in which the sample mass is lim-
ited, we find that the inelastic scattering becomes
comparable to the experimental noise and diffi-
cult to quantify. However, the changes in the
stronger elastic scattering intensity I ... also
contain information, albeit less detailed, about
the sample dynamics. The total scattering must
be conserved, and this means that an increase in
the inelastic scattering (due to molecular mobil-
ity) necessitates a reduction of the elastic scatter-
ing. For elastic incoherent scattering, the Q de-
pendence of this elastic scattering is often approx-
imated with the Debye—Waller factor:

Liasid(Q) o exp(—5 Q*(u?) (2)

Within this model, based on a harmonic oscillator,
the slope of In[l,,;(Q)] versus Q” is equal to
(u®)/3. Although most atomic motions in soft con-
densed matter are admittedly anharmonic, this
approximation has been useful for characterizing
the dynamics in both synthetic®!° and biologi-
cal''® macromolecules. In this study and our
previous studies,?>® we have extended this utility
to include confinement effects in thin polymer
films.

EXPERIMENTAL

Materials

Thin films of polycarbonate (PC), poly(methyl
methacrylate) (PMMA), poly(vinyl chloride) (PVC),
and poly(tert-butoxycarboxystyrene) (PBOCSt)
were spin-cast from solutions onto clean Si wafers.
The solutions were prepared through the dissolu-
tion of PC (GE Lexan ML-4235;'6 Mr,wf = 36.3
kg/mol), PMMA (Polymer Source; M, ,, = 1730 kg/
mol), PVC (Aldrich; M,,, = 233 kg/mol), and
PBOCSt (synthesized as described elsewhere;'":18
M, = 8 kg/mol) at various mass fractions into

r,n

cyclohexanone, toluene, cyclohexanone, and pro-

TAccording to ISO 31-8, the term “molecular weight” has
been replaced by “relative molecular mass,” symbol M,. Thus,
if this nomenclature and notation were to be followed in this
publication, one would write M, , instead of the historically
conventional M, for the mass average molecular weight, with
similar changes for M,,, M, and M, and it would be called the
“mass average relative molecular mass.”
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pylene glycol methyl ether acetate, respectively.
These solutions were filtered through 0.45-um Te-
flon filters. Thin (100) Si wafers (Silicon, Inc.; 13—17
mil thick and 75 mm in diameter) were O,-plasma-
cleaned to remove residual organic contaminants
and were treated with HF acid to remove the native
silicon oxide surface. A controlled oxide layer was
then regrown in a UV ozone chamber to a thickness
of 10-20 A. The polymer solutions were immedi-
ately spin-cast at 209 rad/s (2000 rpm) onto the
clean, hydrophilic wafers to create thin films. With
some of the PMMA films, additional steps were
taken to render the Si substrate hydrophobic. After
the UV ozone exposure, hexamethyldisilizane was
added dropwise onto the wafers, and they were
baked on a hotplate at 200 °C for 2 min. This re-
placed the surface Si—OH groups of the silicon ox-
ide with Si—CHj groups, leaving a visibly hydro-
phobic surface. Immediately after the spin coating,
the films (expect for the PBOCSt ones) were heated
to Ty + 20 °C for at least 6 h under a vacuum better
than 10™* Pa to remove the residual solvent. The
residual solvent was removed from the PBOCSt
films with a similar vacuum with a 12-h postappli-
cation bake at 120 °C. The final film thickness in
each case was measured at room temperature with
X-ray reflectivity.

Incoherent Neutron Scattering

The incoherent neutron scattering experiments
were performed at the National Institute of Stan-
dards and Technology Center for Neutron Re-
search on the high-flux backscattering spectrom-
eter (HFBS)' located on the NG2 beam line. This
spectrometer uses cold neutrons with a wave-
length of 6.271 A and accesses a Q range of 0.25—
1.75 A=, This is important because the Bragg
diffraction peaks for the Si substrates or Al sam-
ple cell are beyond the Q range of the spectrom-
eter and are, therefore, not visible. The neutron
absorption coefficients for both Si and Al are also
low, and this ensures that the hydrogenous poly-
mer dominates the scattering. Likewise, the vi-
brational amplitudes in the crystalline Si are
much smaller than those of any soft polymeric
material, and this further ensures that the dy-
namics of Si are negligible. The 0.8-ueV full-
width-at-half-maximum energy resolution of the
spectrometer dictates that only those motions 200
MHz or faster will contribute to the reduction in
the elastic scattering; slower motions appear as
elastic scattering.

The HFBS sample cells were thin-walled Al
cans approximately 25 mm in diameter and 50
mm high. To maximize the scattering signal from
our thin polymer films, 13-15 of the coated wafers
were cleaved into 50-mm strips (of various
widths) and placed inside the sample cells. This
resulted in approximately 0.5—-10 mg of the poly-
mer per cell, in contrast to the 52-58 g of Si. Each
sample cell was then mounted on the HFBS spec-
trometer, placed under a vacuum, and cooled to
30-50 K. Data were collected as the samples were
heated at a rate of 0.1-0.5 K/min up to 525 K. The
scattered intensities in each detector (each Q;
there were 16 detectors) were binned into temper-
ature intervals of 1-3 K to increase the counting
statistic. Slower heating rates were required for
the thinner films to obtain reasonable counting
statistics. The measurement times for the thin-
nest films were approximately 3—4 days.

RESULTS

Figure 1 displays the T dependence of the elastic
scattering intensity, summed over the entire Q
range of the spectrometer, for oxide-supported
PC, PMMA, and PVC films. The intensities have
been normalized to unity at the lowest tempera-
ture for a comparison of films of different thick-
nesses. As mentioned previously, an intensity de-
crease corresponds to an increase in the ampli-
tude of the atomic motion, which we interpret as
an increase in mobility. The HFBS spectrometer
has sufficient sensitivity to probe the dynamics in
films as thin as 75 A, as evidenced in Figure
1(A,B) by the noticeable difference between the
thinnest films and the blank Si. We acknowledge
that the decrease in the intensity for the blank
wafers is more significant than that anticipated
for pure Si. This is probably due to residual sur-
face contamination on the sample can, heat
shields, walls of the spectrometer, and so forth
that cannot be removed. Nevertheless, Figure 1
indicates that the extent of mobility is reduced as
the film thickness decreases. The normalized
thermal reduction of the elastic intensity becomes
less significant in increasingly thin films. By an-
alyzing the Q dependence of these changes, we
can estimate (¢%) with eq 2.

The Q dependence of the elastic scattering as a
function of T for the thinnest PC and PMMA films
is shown in Figure 2. The lowest 7" data set, which
is generally between 30 and 50 K, has been used
to normalize all the higher T elastic intensities.
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Figure 1. 1., summed over all available detec-
tors, as a function of T for (A) PC, (B) PMMA, and (C)
PVC films. For each sample, I,;. has been normal-
ized by the lowest T value. The decrease in I, ;. upon
heating directly reflects the thermal motion in the poly-
mer film. As the film thickness decreases, there is a
strong reduction of this thermal mobility. The standard
uncertainties of the I,.;. values are less than or com-
parable to the size of the data markers.

According to the Debye—Waller approximation, a
normalized In I, ;—Q? plot (where I, ;. is the
elastic neutron scattering intensity) yields a
straight line with the slope proportional to (x%)/3.
The normalization allows us to directly compare
(u?) values for films of different thicknesses. The
mass of the scattering sample in the beam enters
eq 1 through the term 3NA/2M, which lies outside
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the exponent of the Debye—Waller factor. By tak-
ing the ratio, we find that the sample mass (thick-
ness) drops out of the (x?) calculation. For the
75-A PC film, the linear approximation is reason-
able for the Q® range below 1.0 A~2. However, the
inset reveals deviations from linearity above Q2
= 1.0 A2, with an apparent maximum near Q>
= 1.5"2 A"2 in both the bulk and thin-film data.
Previously, we noted that this maximum nomi-

In ( Ielastic )

O bulk
® R0A

In ( Ielastic )

(B)

Figure 2. Typical In I, _;—Q? plots used to estimate
(©?). In this representation, (¢?) is proportional to the
slope of a linear fit through the data. (a) Isothermal fits
for the 75-A PC film at Q% < 1.0 A2, As the tempera-
ture increases, the larger slope corresponds to an in-
crease in (1?). The inset displays an analogous plot for
bulk PC at 300 K. There is a peak in the bulk data near
Q2 = 1.5 A2 (possible origins of this peak, which is
also present in the thin-film data, are discussed in the
text). (b) Same type of data for bulk and 80-A PMMA
films. For PMMA, the bulk data reveal two quasilinear
regimes (the implications of using the two different
fitting regimes are discussed later). The error bars in-
dicate the standard uncertainty of the scattered inten-
sity.
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nally coincides with the peak in the static struc-
ture factor, which is commonly called the amor-
phous halo (Q? = 1.6 A 2).'2 From this, we sur-
mised that the strong deviation from linearity in
PC indicates coherent neutron scattering, espe-
cially at high temperatures, at which the devia-
tion is most pronounced.

In addition to PC, Figure 2 shows In I;,.;.—Q”
curves for PMMA at 300 K for both 80-A films and
the bulk (inset). As with PC, the region below Q>
= 1.0 A 2 is reasonably linear in both the thin
film and bulk. In the region beyond Q2 = 1.0 A~2,
the PMMA dependence is now linear, without the
maximum that is evident for PC. Although it is
not explicitly shown here, the Q dependence of
the PVC elastic intensities qualitatively resem-
bles that of PMMA. At this time, we do not com-
pletely understand why PC differs from PMMA
and PVC in the high-Q region. Regardless of their
differences at high-Q, PC, PMMA, and PVC show
similar trends in the low-Q region, and there is
always a break in the slope near Q% = 1.0 A 2.
This reflects the fact that the motions are consid-
erably more complicated than those predicted by
the harmonic Debye—Waller model. Nonlinear de-
pendencies of In I, on Q* have been reported for
a number of polymer” and biological'!1%1420 gyg-
tems, and there have been attempts to calculate
(u?) with more complicated models. These models
generally embody both a Gaussian (harmonic)
component and a non-Gaussian component, the
latter being thermally activated and dominant at
low Q."11131420 However, these models also in-
crease the number of curve-fitting parameters, so
it is not entirely clear if the added parameters
increase our understanding of the motions. Fur-
thermore, we must fit the data to very high Q
values to reliably separate the local harmonic mo-
tions (high Q) from the long-range anharmonic
contributions (low Q). The HFBS spectrometer is
not designed to access these high-Q regions of
phase space.

Given the Q range of our spectrometer and the
nature of the thin-film data presented, we take a
simplified approach and limit the (12) analysis to
the regime below Q* = 1.0 A2 This region ap-
pears consistent between different types of poly-
mers and avoids peaklike features or upturns in
the high-Q data. Of course, the (©?) values ex-
tracted from this harmonic approximation are not
exact in light of the anharmonicity evidenced in
Figure 2. It is well known that analyzing this
low-Q data emphasizes some of the longer range
motions, such as methyl rotations,’ that are not

completely within the framework of a harmonic
oscillator. Nevertheless, the low-Q estimate of
(u?) provides a reasonable and consistent frame-
work for comparing thin-film confinement effects
between the different polymers. We demonstrate
the generality of this approach through the
PMMA and PVC films; the absence of the strong
high-Q peak allows us to fit two linear functions
(one low-Q and one high-Q) through the data, as
illustrated in Figure 2. This allows us to compare
the (u?) trends from the low-Q and high-Q re-
gions. Although the absolute values of (x2) from
the two regions differ, the trends with increasing
confinement are similar.

The differences between the low-Q and high-Q
estimates of (u2) are evident in the insets of Fig-
ures 3(B,C); the main graph of each figure reflects
fits with the region Q> < 1.0 A2, whereas the
inset emphasizes the 0.3 < Q? (A 2) < 2.3 data.
Choosing to analyze the low-Q region leads to
larger (u?) values. For example, at the calorimet-
ric T, of bulk PMMA (395 K), (uf) is 1.3 A? for the
low-Q data, whereas (2) is 0.8 AZ for the higher Q
fit; a similar observation holds true for PVC. This
is reasonable as the low-Q data reflect longer
range motions. What is more important is that
the trend with decreasing film thickness is gen-
erally similar for the two regions: a reduction of
(u®) with decreasing film thickness and, for
PMMA, no differences between the hexamethyl-
disilazane (HMDS) and oxide surfaces. Although
focusing on the low-Q region may emphasize
longer range motions that potentially deviate
from the harmonic Debye—Waller criteria at high
temperatures, the general indication of how the
dynamics respond to confinement is reasonable.
This should be borne in mind when we consider
the absolute magnitudes of (x?) values in this
work. In the most of this article, the primary
emphasis is (u?) extracted from the region Q>
<1.0A2

Figure 3 displays the low-Q estimates of (u?) as
a function of the film thickness and temperature
for PC, PMMA, and PVC films. Once again, the
general trend is that decreasing film thickness
leads to a suppression of (¢2). In PVC, this sup-
pression is primarily above the bulk calorimetric
T, of 358 K; deep in the glassy state, there is little
change in (¢?) with confinement. This is unlike
the PC films (and, to a lesser extent, the PMMA
films), which show large suppressions of (x2) far
below the bulk calorimetric T,. At first, this may
seem inconsistent with Figure 1(C), which shows
strong differences in the thermal evolution of the



scattering intensities between the bulk PVC and
the 220-A film. Although that these intensities
are summed over the entire Q range of the spec-
trometer, the main portion of Figure 3(C) repre-
sents the low-Q data. The inset to Figure 3(C),
focusing on the high-Q data, does reveal a strong
difference between the bulk and 220-A PVC films
below T, and this is consistent with the reduced
intensities in Figure 1(C). Likewise, if Figure 1(C)
is repeated with just the high-Q detectors
summed, there is noticeable difference between
the bulk and thin-film data. This is an important
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distinction to make; the choice of the fit region
affects the (u?) values, and it is important to un-
derstand this influence on the (¢2) estimates. This
is addressed further in the Discussion section.

It remains to be seen if the motions reflected in
(u?) are isotropic or preferentially oriented either
perpendicularly or parallel to the plane of the
film. The fact that we primarily use the low-Q
grouping of detectors can be used to test for such
anisotropy. Because the films are stacked with
their surfaces parallel, the sample holder can be
rotated so that Q is either mostly parallel or per-
pendicular to the plane of the films. These two
sample orientations emphasize (¢?) in the plane
of the film and normal to the substrate, respec-
tively. Figure 4 demonstrates this on the 425-A
PMMA films supported on the oxide substrate. It
appears that (u?) is relatively isotropic in the
films; there are no differences between Q-parallel
and Q-perpendicular orientations within the sen-
sitivity of the technique.

DISCUSSION

Effects of Thin-Film Confinement on (v/?)

As the thickness of a polymer film is continually
reduced, eventually the state is reached in which
the film thickness must distort the configuration
of the macromolecules. Although the precise
length scale at which this distortion occurs re-
mains ambiguous, a high-molecular-mass poly-

Figure 3. Hydrogen-weighted (x?) values plotted as a
function of temperature for (A) PC, (B) PMMA, and (C)
PVC films. The data for the main graphs were obtained
from linear fits at Q% < 1.0 A~2 (as demonstrated in
Fig. 2). The legends indicate the film thickness in units
of the unperturbed chain dimensions (i.e., R,). There
are also alternative data sets for the PMMA and PVC
films in the insets (each axis has the same units as the
main graph), illustrating the differences in (u?) that
stem from the use of the high-Q linear fitting regimes
shown in Figure 2 and the use of the low-Q regimes.
Although the magnitudes of (1?) are strongly affected
by the choice of the fitting regime, the general trends
with the film thickness are qualitatively similar. The
deuterated polycarbonate (dPC) curve demonstrates
that (u?) is significantly reduced when the hydrogenous
segmental motions in bulk PC are masked by the re-
placement of hydrogen with deuterium. The standard
uncertainties of (u?) are typically comparable to the
size of the data markers.
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Figure 4. (u2) values for a 425-A PMMA film oriented
so that the scattering vectors of the analyzed low-Q
detector bank are either parallel or perpendicular to
the plane of the film, probing for in-plane and out-of-
plane motions, respectively. Within the sensitivity of
the spectrometer, (12) is isotropic in the film. The stan-
dard uncertainties of (u2) are less than the size of the
data markers.

mer would seemingly feel this distortion of con-
finement in thicker films than a low-molecular-
mass analogue. In this respect, it is reasonable to
normalize the film thickness (#) in terms of the
approximate molecular size or the radius of gyra-
tion (R,). The R, estimates for PC, PMMA, and
PVC used here under 6 conditions are 61,21 262,22
and 179 A,?? respectively. The legends in Figure 3
indicate & in multiples of the ideal chain R,s.
This reveals that each of the polymers in the
thinnest films is highly confined, with an overall
thickness that is less than the unperturbed diam-
eter (ca. one radius) of the macromolecule.

Figure 3 indicates a correlation between the
magnitude of (#?) in the bulk and the degree to
which there is a suppression of (x?) below the
calorimetric glass transition. For example, PC
has both the largest mean-square displacements
and the strongest suppression of (z?). At the cal-
orimetric 7', (425 K), the bulk (u?) value is 2.4 A2
in PC, but 1t is diminished to 0.7 AZ in the R,-
thick film. This corresponds to a reduction of 7 1%
For PMMA, the bulk (¢ at the calorimetric T,
(395 K) is smaller, 1.3 A% with a decrease to 0. 7
A? in the R,-thick film. This 46% reduction of (1?)
is less dramatic in PMMA than in PC. In contrast,
(u?) is exceedingly small in bulk PVC at T, (358
K), being approximately 0.5 Az, Correspondlngly,
there is no reduction of (¢?) in the R-thick PVC
film.

The sizeable (%) values in bulk PC are readily
understood. PC is well known for its extensive
segmental or local molecular mobility in the
glassy state. The types of motions that occur in

concert deep within the glassy state include libra-
tions and rotations of the isopropylidene meth-
yls,24=2% 1 flips of the phenyl rings,?4?°73? and
cis—trans isomerizations of the carbonate moi-
eties.?433736 The first two of these groups are
hydrogenous and therefore dominate (x?) because
of the large incoherent scattering cross section.
For an appreciation of the sub-T, contribution of
the segmental methyl and phenyl ring motions to
(u?), it is instructive to study deuterium-substi-
tuted PC. Replacing the methyl and phenyl hy-
drogens with deuterium atoms greatly reduces
their elastic scattering cross section (now mostly
coherent), thereby masking their contribution.
The resulting (x?) values for the corresponding
deuterated PC (bulk) in Figure 3 are significantly
less than the hydrogenated analogues, especially
below T,. In the deuterated PC, (u?) evolves lin-
early (harmonically) with 7" and attains a value of
just 0.5 A% at the calorimetric glass transition.
This is in stark contrast to hydrogenated PC, for
which (¢?) is 2.4 A? at the same 7.

The implication is that the large (x2) values in
glassy PC films reflect segmental or localized mo-
tions, not Brownian motions of the main chain.
Such diffusive motions, which give rise to viscous
flow, do not occur until T, is exceeded. By using
segmental, we imply that the motion does not
necessarily require significant excursions of the
main chain. This is clear from the deuterated PC:
once the highly mobile segmental motions are
masked, (z%) only becomes appreciable above T,.
This is analogous to PVC, for which (¢2) does not
increase significantly until the rubbery state is
entered. PVC is a linear chain lacking segmental
or side group with extensive mobility, and this
means that the dynamics of the hydrogen moi-
eties directly reflect motions of the main chain;
the hydrogen does not start moving significantly
until the Brownian motions are enabled above T,.
This is also nominally consistent with the obser-
vation that industrial uses of PVC typically re-
quire small-molecule plasticizer additives or di-
luents to enhance the molecular mobility.>

These observations are intriguing because they
point to the notion that highly dynamic glasses,
having extensive segmental mobility below the
calorimetric T, are more susceptible to confine-
ment below the glass transition. That (u?) is se-
verely curtailed in the thin PC films raises the
question of how the fundamental properties of the
glass change in the highly confined thin films.
Other studies show that freezing these motions
via synthetic routes, that is, imposing steric re-



strictions, transforms normally ductile and tough
PC into a brittle plastic.>®3° Is it conceivable that
a similar effect is induced by the state of confine-
ment in the thin films? It is further known that
the onset of these phenyl ring flips and methyl
rotations in bulk PC coincides*®*! with the sub-T,
relaxation (we do not imply that these motions
are necessarily the origin of this relaxation) near
175 K, which is commonly called the 8 or y relax-
ation in dielectric or dynamic mechanical spec-
troscopy. This raises the intriguing question of
whether the pronounced reduction of (%) in the
thin PC films points to a suppression of this char-
acteristic sub-T, relaxation and, therefore, a fun-
damental change in the nature of the glass. Like-
wise, it would be interesting to determine if the
nature of the PVC glass is less affected by thin-
film confinement. These considerations may be-
come significant when polymers such as PC and
PVC are fabricated into nanostructures (i.e.,
through nanoimprint lithography) for which the
mechanical and physical properties of the glass
are important.

The length scale cannot be ignored. The main
graph of Figure 3(C) seems to suggest that glassy
PVC is unaffected by thin-film confinement; the
(u?) values are nearly identical below the calori-
metric T, for the bulk and 220-A film. These data
came from low-Q detectors, with which the longer
length scale motions, more commensurate with
localized segmental motions, were probed. How-
ever, a different conclusion can be obtained from
the high-Q detectors, as shown in the inset of
Figure 3(C). The high-Q data reflect more local-
ized and faster motion (probably an extension of
the harmonic oscillations that exist at 50 K) and
clearly show suppression below T, upon thin-film
confinement. These observations are reasonable
because PVC naturally lacks the segmental or
side group motion (e.g., methyl rotations or phe-
nyl ring flips) that would be probed by the low-Q
detectors. We do not see a strong change in these
low-Q data upon confinement because the rele-
vant or, more appropriately, susceptible motions
are lacking. However, at finer length scales, the
effects of confinement are evidenced and are con-
sistent with the reduced scattering intensities in
Figure 1(C). This ability to probe the dynamics at
different length scales with neutron scattering is
a powerful tool for understanding glass dynamics.

It seems remarkable that the highly localized
motions reflected in (x?) can be affected when the
film thickness is still orders of magnitude greater
than the amplitude of the motion. For example,
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intuition tells us macromolecular dimensions typ-
ically do not affect local or segmental motions,
such as sub-T|, relaxations. However, if thin-film
confinement alters the chain conformation, affect-
ing in turn the nature of the intramolecular and
intermolecular packing, then we could envisage
changes in the highly local motions. A reduction
of (u?) could be rationalized if molecules pack
more tightly in the thin films, being more strongly
caged by their neighboring segments. It remains
to be seen how important R, is with respect to the
film thickness for observing these (u2) confine-
ment effects. We have yet to study («?) film thick-
ness deviations for a broad range of molecular
masses.

(u?) and the Apparent Glass Transition in Thin
Polymer Films

Up to this point, we have not discussed how (©?) is
related to T, in thin polymer films. In a wide
variety of glass-forming liquids, it is well docu-
mented that (%) goes through a sharp increase at
the calorimetrically defined 7,,%%'%**>% which
is consistent with the sudden drop in 1. Extend-
ing this phenomenology to thin films, Figure 3
seemingly indicates that thin-film confinement
leads to an increase in the apparent 7', for all of
these polymers. This conclusion, however, is not
clear-cut when we consider complementary data
obtained with other measurements. For example,
X-ray reflectivity measurements of the thermal
expansion in PC films indicate the opposite trend:
T, decreases for the 75-A film.® To further clarify
this situation, we compare X-ray reflectivity,
beam positron annihilation lifetime spectroscopy
(PALS), and incoherent neutron scattering mea-
surements for an identical set of PC films.** Al-
though the details of this study are not described
here, both X-ray reflectivity and PALS suggest a
decrease in the apparent T, whereas neutron
scattering points to an increase. However, the
thermal expansion coefficients from the X-ray re-
flectivity and PALS measurements display a pro-
nounced decrease with the film thickness, which
is consistent with the reduced amplitude of (z?).
Optical*®**® and thermal probe studies*” of
PMMA films on SiO, and HMDS substrates also
display opposite T, shifts in comparison with the
neutron scattering results. These studies report a
T, increase for the R -thick film on the SiO, sub-
strate but a T, decrease on the HMDS surface.
This is in contrast to the (#?) measurements on



3226 SOLES, DOUGLAS, AND WU

the HMDS substrate, which does not immediately
support a reduced T,

The reason that the T,-like kink in (u?) does
not track other traditional measures of 7', in thin
films is poorly understood. This obviously raises
fundamental questions about the nature of glass
formation in thin polymer films. The glass tran-
sition is the onset of large-scale cooperative mo-
tions, and it seems that the length scale for these
motions would be restricted by the thin-film con-
finement. It is also worth emphasizing that T,
shifts are normally inferred from changes in ther-
modynamic property measurements (specific
heat, thermal expansion, etc.) performed under
nonequilibrium conditions. A frequency or time-
scale is always implicit in these measurements,
dependent on the rate at which the property is
probed. It seems likely that the timescales over
which a polymer equilibrates could be quite dif-
ferent in thin films (with respect to the bulk) and
that these changes could be measurement-specific
(dependant on the frequency scale of the mea-
surement). It is well known from surface force
apparatus measurements of confined liquid films
(both polymer and small-molecule) that the vis-
coelastic timescales in bulk and molecularly con-
fined films are generally not the same.*®~%! In this
respect, it is unclear if the thin-film measure-
ments are comparable to those of the bulk. There-
fore, we must be careful when relating the kink in
various thermodynamic properties as a function
of temperature to the glass transition; the inter-
pretation of these features must be reexamined
on a property-by-property basis to determine if
the resulting information predicts mobility
changes in the thin polymer films. This notion
will be developed in greater detail throughout
this article.

It is interesting to examine the thermophysical
behavior in the thinnest PC, PMMA, and PVC
films. Figure 5 compares the mean-square dis-
placement in all three of the polymers when they
are confined to an R,-thick film. The expanded
vertical scale in comparison with Figure 3 reveals
the thermal evolution of (x2) in greater detail. For
each polymer, a set of two connected vertical ar-
rows is superimposed on the graph. The leftmost
arrow of the pair (which notably does not coincide
with a kink in the curve) corresponds to the bulk
calorimetric T,. The rightmost arrow indicates
the strong upturn in (¢?), which, remarkably, oc-
curs at T' = 1.2T, in all of the polymers here. This
crossover is provocative in connection with other
phenomenology of glass-forming liquids that also

® 75APC(12R,) x*
_15{% 425APMMA(16R,) PMMA ¥
e O 220APVC(1.2R,)
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Figure 5. Comparison of PC, PMMA, and PVC films
that are all approximately 1R, thick. The expanded
vertical scale (cf. Fig. 3) reveals greater detail in the
thermal evolution of (z2). For each curve, there are two
sets of vertical arrows. In each instance, the left arrow
indicates the calorimetric T, determined from the bulk
material, whereas the right arrow corresponds to 1.27,
and a strong increase in (¢?) (the implications of this
are discussed in the text). This plot also demonstrates
the low-temperature linear regime (<200 K), in which
k is determined (see Fig. 6 and the discussion). The
vertical error bars denote the standard uncertainties
of (u?).

coincide with T' = 1.2T, (in the so-called strong
glasses, this crossover can be closer to 1.5T).
These changes include, but are not limited to,
deviations from both the Stokes—Einstein (diffu-
sion and m) and Debye—Einstein (reorientation
time and ) relationships,®>~>* a bifurcation of the
a- and B-relaxation processes,?>?%5% the breaking
of ergodicity as predicted by mode coupling
theory,?”%® and a crossover between the two Vo-
gel-Fulcher relations commonly needed to fit re-
laxation data above Tg.59‘64 Clearly, there is a
strong precedent for a characteristic glass-forma-
tion temperature near 1.2T, to 1.57,. The obser-
vation here that this crossover temperature is
approximately 1.27, is also consistent with the
fact that polymers are generally considered frag-
ile glass formers. However, this does not explain
why such a crossover would be exacerbated in the
exceedingly thin films, whereas the conventional
T, is seemingly suppressed. At this point, we can
only speculate on the origins of this effect.

Vibrational Stiffening or Caging in Thin Polymer
Films

As discussed previously, the estimate of (¢2) from
eq 2 is based on a harmonic approximation, which
is strictly violated by the high-temperature, non-
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Figure 6. Variations in « as a function of the normal-
ized film thickness. The dashed lines indicate « for the
bulk material. PC exhibits strong vibrational stiffening
with decreasing film thickness, whereas PVC remains
bulklike even in the R,-thick film. The vertical error
bars indicate the standard uncertainties of «.

linear regimes in Figures 3-5. However, below
200 K, the thermal evolution of (x?) is linear, and
it is reasonable to assume that the atoms are
trapped in local potential energy minima. In this
regime, the equipartition theorem can be used to
quantify the stiffness or resistance to displace-
ment in terms of a harmonic force constant (or
vibrational spring constant): k = 3k5T/u?) (Where
kg is the Boltzmann constant and 7 is the tem-
perature). The low-temperature slope of (u?) ver-
sus T is inversely proportional to the elastic force
constant (k). In this picture, the confinement-in-
duced suppression of (u?) corresponds to an in-
crease in the vibrational stiffness, as summarized
in Figure 6 as a function of 4 (normalized by 2R,,
which is nominally the diameter of the macromol-
ecule). For comparison, the dashed lines indicate
k for the bulk materials. In broad terms, k ranges
from 1 to 6 N/m in the polymer thin films. These
values are comparable to analogous measure-
ments of proteins below 200 K.*® In contrast, « for
pure Si is 78.5 N/m® and one-to-two orders of
magnitude greater than that of the polymer films.
This agrees with the elastic modulus of Si, which
is also one-to-two orders of magnitude greater
than that of most polymers.

Figure 6 indicates that thin-film confinement
significantly stiffens the local motions of PC,
whereas virtually no changes can be observed for
PVC. This is consistent with the earlier discus-
sion of the extensive molecular mobility in glassy
PC. Confinement curtails the longer range glassy
motions, as indicated by the elastic stiffening, by
which the predominantly localized motions of
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PVC remain unchanged. Of course, we must be
cognizant of the nature of these motions. We have
already discussed how phenyl ring and methyl
group motions in PC are emphasized in the (u?).
To this end, when these motions are constrained
in the 75-A PC film (x = 5.8 = 1.0 N/m), it is
notable and somewhat reassuring that that elas-
tic stiffness becomes equivalent to that of bulk
PVC (k = 4.6 = 0.5 N/m), in which these motions
are naturally absent and « more so reflects inter-
chain vibrations. As with the amplitudes of (x2),
PC and PVC represent the extremes in terms of
low-temperature vibrational stiffening. The R,-
thick PC, PMMA, and PVC films stiffen by ap-
proximately 200, 130, and 0%, respectively, in
comparison with the bulk vibrations. In short,
thin-film confinement increases the extent of in-
termolecular interactions in those glasses, which
naturally possess extensive mobility. We develop
this notion of caging in greater detail later.
Previously, we mentioned that in bulk glasses
it is intriguing that (1?) and microscopic motions
faster than a nanosecond correlate with the T,
from macroscopic variables, such as the enthalpy
or specific volume, which are measured on a time-
scale of approximately seconds or minutes. How-
ever, this intriguing behavior can be understood if
(u?) reflects the fast relaxations or rattling mo-
tions of an atom or molecule inside a cage of an
unoccupied volume defined by its nearest neigh-
bors. In the glass, this cage is rigid, but heating
through the glass transition induces viscous flow
and a sudden increase in the cage size that nat-
urally leads to a simultaneous increase of (u?).
Simulations®®®” have revealed that the motions
of a particle inside the cage (i.e., (u?)) go through
three distinct regimes as a function of time. At
very short times ¢, extending to about a picosec-
ond, the trajectories are ballistic ((z?) ~ ¢%). Inter-
mediate times greater than a picosecond show
that (x?) is time-invariant because of the caging
effect; (u?) cannot exceed the dimensions of the
cage. The time-invariant plateau of (x2) extends
for many orders of magnitude until the cage dis-
integrates through diffusive motions of the neigh-
bors, that is, the glass transition. These diffusive
motions ((u?) ~ t) would be consistent with the
conventional timescale of tens of seconds associ-
ated with the glass transition. To understand the
relation of (u?) with the glass transition, we
should appreciate the time invariance of the cage
size or (¢?). The nanosecond time resolution of the
HFBS spectrometer is well beyond the ballistic
limit, and this means that (x?) reflects the mo-
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tions confined by the glassy intermolecular cage.
The time invariance means that the amplitude of
(u?) is the same averaged over either nanoseconds
or seconds, as long as the materials are below 7.
Within this context, it may be easier to reconcile
the relation of (z2) with the traditional lower fre-
quency estimates of 7.

The interpretation of (¢2) in terms of intermo-
lecular caging is supported by recent PALS mea-
surements of glassy glycerol, propylene glycol,
propylene carbonate, and orthoterphenyl.*® PALS
quantifies the nanometer-sized density heteroge-
neities in glassy hydrocarbon materials, being an
effective way of directly measuring the unoccu-
pied volume available for intermolecular rattling
motions. Glycerol and propylene glycol displayed
smaller values of (x%) below T, and noticeably
stiffer k values than orthoterphenyl and pro-
pylene carbonate. This suggested stronger inter-
molecular caging in glycerol and propylene glycol,
which was borne out by the PALS measurements;
their glassy structures were also significantly less
open and possessed larger regions of unoccupied
volume.

It appears that caging and the concomitant
reduction of mobility or (u?) are geometric aspects
of confinement, independent of the interactions
with the confining surface. This is supported by
the fact that (u?) is equally suppressed in thin
PMMA films supported on native oxide (favor-
able) and HMDS (unfavorable) substrates. Al-
though this may seem to contradict the opti-
cal*®*® and thermal probe*” measurements, the
trend is consistent with surface force measure-
ments of the shear viscosity in exceedingly thin
liquid films. These measurements suggest that
the confinement induces more efficient intermo-
lecular packing when the film thickness ap-
proaches nominally 10 times the molecular diam-
eter (ca. 100-200 A in most polymers). This leads
to an increase in the shear viscosity and the elas-
tic properties of the film, regardless of the inter-
actions between the confining mica rods of the
surface force apparatus and the liquid.*®*~>! These
observations are phenomenologically relevant,
given correlations between (¢2) and 7;°®%° that is,
mn has been observed to increase exponentially
with 1/u?) in bulk glasses (as discussed later). In
this respect, the reduction of (¢2) with decreasing
film thickness points to an increase in 7.

Taken together, the neutron scattering and
surface force measurements thus far suggest that
the mobility or amplitude of the thermal motion is
reduced in thin, supported polymer films. These

changes in the mobility do not coincide with the
thermodynamic estimates of the glass transition
made under quasiequilibrium conditions. A large
number of studies have focused on T, shifts of this
kind as an indicator of changes in the thin-film
mobility, and this interpretation should be con-
sidered with caution. For example, we previously
used the example of PC, for which the apparent
T, kink from specular X-ray reflectivity® and
PALS** shifted to lower T with decreasing film
thickness, potentially indicating an increase in
the mobility. However, (¢2) showed a clear reduc-
tion of magnitude with decreasing film thickness,
and this was also consistent with the reduced
thermal expansion coefficients from reflectivity
and PALS. Now if (hypothetically) PC were a
technologically relevant photoresist film, the ap-
parent 7, decrease from thermal expansion
and/or PALS data might lead to predictions that
the kinetics of photoacid transport would be en-
hanced in the thin films. However, if the overall
mobility is reduced, the shift in the relative posi-
tion of the T, kink may be irrelevant, and ulti-
mately the kinetics could be hindered with re-
spect to very thick films. This is illustrated in
greater detail later.

(u*) and Transport in Thin Polymer Films

In the previous discussion, we have shown how
local segmental motions deep in the glassy state
lead to an increase of (x?). It is also well under-
stood that segmental molecular motions, either
along the backbone or localized to side groups,
dramatically affect the kinetics of small-molecule
transport through polymeric materials.”>"! Sev-
eral authors have argued that these motions pro-
duce a gating effect that regulates gas or small-
molecule transport through the interchain re-
gions of amorphous polymers.”>"® This effect
should be of consequence in deep UV lithography,
in which a photochemically generated acidic pro-
ton (H") must diffuse through a photoresist film,
accompanied by some sort of counterion, to induce
multiple chemical reactions. Likewise, aqueous-
based developers are used to dissolve photoresist
films, and this means that H,O diffusion into the
photoresist film is also important. With an ap-
proximate diameter of 3 A for H,0, these species
should readily diffuse through the amorphous re-
gions of a polymer for which the interchain dis-
tances (between atom centers) are approximately
5 A. However, it remains to be seen if the high-
frequency local chain motions reflected in (u?),
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Figure 7. (a) Thermal evolution of («#?) in PBOCSt as
a function of & below the thermal decomposition tem-
perature. A linear fit (dashed line) of the bulk data
between 40 and 80 K has been used to extrapolate an
approximation for the harmonic-like vibrational contri-
butions ((#?),) at elevated temperatures. The difference
between (©?) and (u?), is defined as (©?),,., in the spirit
of Buchenau and Zorn®® and Kanaya et al.?° (b) (12)
data as a function of 1/ fit to a function form of (©2)
= A exp(B/h) for both PBOCSt from part a and PC films
from Figure 3(A). The solid and dotted lines indicate
the fits for PBOCSt and PC, respectively. The standard
uncertainty of (2) is typically less than the size of the
data marker.

and their corresponding changes with the film
thickness, affect H" reaction—diffusion kinetics
or H,O mobility in these interchain regions.
Given the amplitude and timescale of (u2), it
seems reasonable to anticipate that these dynam-
ics would be germane to the transport of H*, H,0,
or other small-molecule species.

Figure 7(a) displays the (z?) values as a func-
tion of A for PBOCSt, one of the most common
photoresist materials for 248-nm-deep UV lithog-
raphy. Like PC, bulk PBOCSt has extensive local
mobility in the glass state, as evidence by the
large values of (u?) below T, (T, has been esti-
mated to be 430 K). The data in Figure 7(a) do not
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extend to higher T to reveal the anticipated kink
in (u?) because PBOCSt goes through a thermal
decomposition reaction close to 7T,. The effects of
this decomposition reaction on (#“) have been de-
scribed elsewhere in detail.* Nevertheless, it is
evident that increasing the degree of thin-film
confinement below T, decreases the amplitude of
(u?). We then anticipate a concomitant reduction
in the transport properties through confined
PBOCSt films.

The H' mobility in thin PBOCSt films has
been measured directly with model bilayer diffu-
sion couple experiments described elsewhere.”® In
brief, a thick film of fully deprotected PBOCSt
(called PHOSt) containing photoacid generator
(PAG) molecules is spin-cast over the top of a
thin, PAG-free film of PBOCSt. When the bilayer
structure is exposed to UV radiation and heated,
H™" produced in the top PHOSt layer diffuses into
the PBOCSt underlayer and induces the depro-
tection. By measuring how far the H* reaction
front propagates into the PBOCSt underlayer as a
function of the bake time, we can extract an ef-
fective reaction front diffusion coefficient (D).
Figure 8 shows that D at 383 K decreases ap-
proximately in an exponential manner when A of
the PBOCSt underlayer is diminished. Qualita-
tively, this is consistent with the notion that a
reduced (x?) value leads to hindered diffusivity.
In the following, we make this correlation more
quantitative.

Correlations between (#?) and PALS*>7"~7° are
used to develop the argument that (x2) also re-
flects the openness of a material structure. This is
also consistent with the observation in Se that for
a given temperature, (1?) is noticeably smaller in
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Figure 8. D_; (and standard uncertainties), as re-
ported elsewhere,”® as a function of 4. The solid line
indicates an exponential fit function forced to plateau
at the D g value of the thickest film.
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the crystalline state than in the less dense glass,
in which the heterogeneity and lower packing
density enable larger (12) values.®® However, the
precise relation between (¢?) and the average un-
occupied or cavity volume (as evidenced by
positron annihilation), sometimes loosely (and of-
ten incorrectly) called the free volume (V}), has
not been established. Classical models of mobility
suggest that the dynamic properties of a glass
strongly decrease as V;approaches a limiting low-
temperature value, V(T — 0) = V;,. Likewise,
Doolittle®® suggested that m varies as n = n,
expl—y Vi o/(Vy — Vi)l (where vy is an adjustable
parameter and m, is the pre-exponential con-
stant), with a similar form rationalized theoreti-
cally by Cohen and Turnbull.3! Although in the
Doolittle arguments V; is related directly to the
specific volume, it is not unreasonable to antici-
pate correlations of this quantity with the unoc-
cupied microscopic volume reflected in (x%)*2.8% In
terms of H" or H,0 mobility, it seems reasonable
to anticipate that larger (#%)*? volumes would
lead to enhanced diffusion.

Recent Lennard-Jones bead—spring simula-
tions of polymer fluids by Starr et al.®2 have been
used to consider these relations precisely. In par-
ticular, they show a strong correlation between
w®®? and a well-defined type of free volume.
Specifically, (#%*? corresponds to the mean vol-
ume within which the center of an atom (bead)
can rattle when the surrounding particles are
fixed, and this definition has a rigorous relation to
the equation of state for hard-sphere fluids.?3-%°
Likewise, Buchenau and Zorn®® empirically dem-
onstrated that n of liquid and glassy Se exponen-
tially scales with 1/(u?):

N = "o exp(<u2>0/<u2>loc) (3)

where (u?), is a constant and (u?),,, is defined as
the difference in (¢2) between the crystalline and
liquid—glassy states. Kanaya et al.®® showed that
eq 3 can also be successfully applied to liquid and
glassy polybutadiene. Starr et al.5? also found a
relation in the form of eq 3 in their model glass-
forming liquid, and there are comparable theoret-
ical predictions in support of the notion that a
large (¢?) value should lead to enhanced trans-
port 5688

If we assume that (¢?) influences the mobility
of H" in a PBOCSt film, then eq 3 suggests that
the decrease of (#?) with the film thickness corre-
sponds to a decrease in the H™ diffusion coeffi-

cient (assuming an Einstein-like dependence: 7
~ kT/aD). This can be used to estimate the rela-
tive change of n or the diffusion coefficient due to
confinement if we assume that (%), does not
change with the film thickness:

Mfilm :Dbulk _ ( <u2>o B <u2>o )
Mo Dam  CPludloc,film  (w?)loc,bulk

4)

where 1., and M, are the film viscosity and bulk
viscosity, respectively, and Dg,,,, and D, ;. are the
film diffusion coefficient and bulk diffusion coeffi-
cient, respectively. Unfortunately, PBOCSt does
not crystallize like Se, and (%), cannot be directly
measured. However, it is equally reasonable to es-
timate the level of these harmonic contributions
that do not give rise to diffusion through the fitting
of the bulk (z?) data between 40 and 80 K to a linear
function and through extrapolation to a high tem-
perature. (%), can be approximated as the differ-
ence between (¢?) at any temperature and the lin-
ear extrapolation from the low-temperature har-
monic behavior. Figure 7(a) demonstrates this
approximation for the PBOCSt films.

From the estimates of (x?), and (u?),,., eq 4 can
be used to predict the corresponding decrease in
the effective H" reaction-diffusion coefficient for
the thin films. At 383 K (the same temperature
used for the bilayer experiments in Fig. 8) Figure
7(a) reveals that (1), is 0.50 A2, whereas the (12
values in the bulk PBOCSt, the 616-A film, and
the 83-A film are 1.70, 1.22, and 0.65 Az, respec-
tively. From these values, we can calculate (©%),,,
and predict the D, ,,/Dg., ratio as a function of
the film thickness, as shown by the two asterisk
data markers in Figure 9. It would be helpful if
more (u?) data existed to define the thickness
dependence of D, ,/Dgi,, in more detail, but the
qualitative trend seems clear. In lieu of obtaining
more data, we note that for PC (for which more
films were available), the thickness dependence of
(u®) was reasonably approximated by (u%) = A
exp(B/h), where A and B are system-dependent
constants. This is shown in Figure 7(b), which
shows the (x?) data at 383 K as a function of the
inverse film thickness for both PC and PBOCSt.
The dashed and solid lines indicate fits to the
aforementioned exponential for PC and PBOCSt,
respectively; the exponential expression captures
the spirit of the thickness variation of (¢?), even if
there are limited PBOCSt data. For the PBOCSt
fit, the prefactors A and B are chosen so that the
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Figure 9. D, ../Dy,., as a function of h. The circles
represent the D g values presented in Figure 8. The
asterisks and dashed line represent ratios predicted
from (u?) and eq 4 and the exponential fit to the
PBOCSt data in Figure 7(b), respectively. The open
squares represent the apparent H,O diffusion coeffi-
cient reported elsewhere.®® All three techniques show
reduced mobility at a similar thin-film confinement
length scale. The standard uncertainties associated
with each measurement either are indicated by the
error bars or are less than the size of the data marker.

appropriate boundary conditions are met: (x?)
=1.70 A% at 1/ = 0 and (u?) = 0.50 A% = (u?), at
1/h = . This ensures that the fit reaches the
proper bulk value in an infinitely thick film and
that it does not drop below what we have esti-
mated to be the lower harmonic limit in Figure
7(a). The dotted line in Figure 9 indicates the
Dy i/Dgim ratio obtained from the exponential fit
in Figure 7(b).

Figure 9 also displays the Dy 1/Dgi., ratios ob-
tained from the D 4 and bilayer diffusion couple
experiments. In this case, Dy is taken to be the
D, ¢ value for the thickest film, the value of the
exponential plateau in Figure 8. The agreement
between the D, . /Dg., data sets from the (u?)
and D data is quite reasonable, and this sug-
gests that the reduction of (¢2) in the thin film is
linked to the suppression of the reaction front
propagation kinetics. This suggests that our sim-
plistic model may be pointing to the correct un-
derlying physics for the retardation of the reac-
tion front in exceedingly thin PBOCSt films.

We further generalize the notion of reduced
transport in the thin PBOCSt films through H,O
diffusion experiments. The bilayer experiments
are complicated by the fact that D g reflects both
H" diffusion (which, although ignored here,
would seemingly require complementary counte-
rion diffusion) and reaction. It is difficult to
determine if the reduction of D4 with the film
thickness is due to changes in the diffusivity or
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reactivity. In comparison, H,O transport mea-
surements simplify the situation because water
does not react with PBOCSt. A series of quartz
crystal microbalance (QCM) studies, described in
detail elsewhere,® have been used to study H,O
diffusion into dry PBOCSt as a function of the
film thickness. PBOCSt films were spin-cast onto
the QCM substrate, dried in a vacuum oven, and
then exposed to 100% relative humidity inside the
QCM. From the shift in the frequency, the mass of
the H,0 uptake could be monitored as a function
of time. Figure 9 displays the Dy /Dgi,, ratio
obtained from these H,O absorption measure-
ments.

It is striking that all three Dy, ;/Dg;,,, data sets
(from (u?), Dy and H,O diffusion) nominally
show the same deviations with the film thickness.
We do not necessarily interpret this as evidence
that the critical length scales for each of the three
techniques are the same. Instead, this strongly
suggests that the reduced amplitude of the ther-
mal motions with decreasing film thickness, evi-
denced by the reduction of (z?), is a general phe-
nomenon impacting a wide range of diffusion and
transport properties in these thin films. This is
analogous to the discussion of how (u2) correlates
with macroscopic variables such as n and T,.
More importantly, because all the polymer films
studied here (not just PBOCSt) demonstrate some
form of reduced (u?) with decreasing film thick-
ness, we might anticipate similar reductions of
mobility, transport, and/or diffusion for the thin-
film geometry. Preliminary H,O diffusion mea-
surements of single thick and thin films indicate
that this is at least true for PC. We contrast these
finding in light of the reduced molecular mobility
with X-ray reflectivity measurements, which in-
dicate that the apparent T, of PC decreases with
the film thickness.? Clearly, T, estimates based
on a kink in the thermal expansion are unreliable
indicators of the changes in the molecular mobil-
ity in these thin films. On the other hand, (x?)
seems to provide a good indication of the observed
changes in the molecular mobility.

A large body of evidence is presented here sup-
porting the notion that (u?) is predictive of
changes in the dynamics at much larger time and
spatial scales and that (u?) generally becomes
reduced as the thickness of the polymer film de-
creases. This discussion began with a consider-
ation of the relation between n and (¢2) (i.e., eq 3).
The established phenomenology, which seems to
extend to films, implies that 1/u?) is proportional
to In m. This motivates the presentation of the (z2)
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Figure 10. (a) (¢?) data (from eq 3) presented in an
Arrhenius format for the PC films described in Figure
3(a). The slope of the linear fits defines an apparent E
that is plotted as a function of 4 in part b. (b) Exponen-
tial fit (shown as a dashed line intended to guide the
eye) forced to converge at a ratio of unity for an infi-
nitely thick film. The standard uncertainty of (x?) is
comparable to the size of the data markers, whereas
the standard uncertainties of the linear fits (and thus
the E, values) are indicated.

data in an Arrhenius format of 1/u?) versus 1/T,
as shown in Figure 10(a) for the PC films origi-
nally presented in Figure 3(A). The linearization
of the (u?) data with this procedure seems re-
markably good over a wide T range, with the slope
proportional to the activation energy (E,). Figure
10(b) displays the ratio of the film to bulk E,’s as
a function of the film thickness. There is an ap-
preciable increase in the apparent E, with in-
creasing film thinness; the effect is as large as
40% for the 75-A films. The fit (dashed line) indi-
cates that the data are consistent with an expo-
nential decrease of E, 4,,,/E, ., With increasing
film thickness, approaching 1.0 for an infinitely
thick film. The increasing apparent E, values
support the notion that diffusive processes are

made difficult by thin-film confinement. This pre-
sentation, though somewhat similar to the « anal-
ysis in Figure 6, provides another way of quanti-
fying the mobility changes in thin films. However,
unlike Figure 6, the linearization in Figure 10(a)
extends over a broad T range, extending from far
below T, to well above T,, raising interesting
questions about the determination of 7, from an
apparent deviation from linearity in plots (e.g.,
Fig. 3). The increased E, values are also consis-
tent with the low-T vibrational stiffening data in
Figure 6 and the ensuing discussion of enhanced
caging. If the caging is strengthened by thin-film
confinement, then larger E, values are required
to break up the cages and induce viscous flow, as
indicated by Figure 10.

CONCLUSIONS

We have demonstrated how incoherent elastic
neutron scattering measurements can be used
to probe the dynamics in polymer films as thin
as approximately 75 A. The dynamics at a fre-
quency of 200 MHz and faster are characterized
in terms of (u?). After examining a broad range
of polymers, we have generally found that (x?)
is strongly reduced as the film thickness de-
creases, with little dependence on the specific
polymer or substrate interactions above the cal-
orimetric T,. Below T, a decrease in (u?) with
decreasing film thickness only occurs in those
polymer that have extensive segmental or local
molecular mobility in the glassy state; glassy
polymers that lack local or segmental motion,
instead being dominated by main-chain mo-
tions, show almost no change in (©#?) upon con-
finement. We have further shown how the re-
duction of (©?) reflects other direct indications
of reduced mobility in thin films, such as pho-
toacid and water transport. Together, these
findings present a general and strong indication
of reduced mobility in thin polymer films and
show that (x?) provides a useful tool for estimat-
ing the extent of this mobility. This differs from
mobility estimates based on T,’s derived from
thermodynamic parameters. Although such T,
estimates contain thermodynamically meaning-
ful information, they are unreliable for predict-
ing mobility changes with confinement.
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